Since their discovery and chemical characterization in the 193Os, flavins have been recognized as being capable of both one-and two-electron transfer processes, and as playing a pivotal role in coupling the two-electron oxidation of most organic substrates to the one-electron transfers of the respiratory chain. In addition, they are now known as versatile compounds that can function as electrophiles and nucleophiles, with covalent intermediates of flavin and substrate frequently being involved in catalysis. Flavins are thought to contribute to oxidative stress through their ability to produce superoxide, but at the same time flavins are frequently involved in the reduction of hydroperoxides, products of oxygen-derived radical reactions. Flavoproteins play an important role in soil detoxification processes via the hydroxylation of many aromatic compounds, and a simple flavoprotein in liver microsomes catalyses many reactions similar to those carried out by cytochrome P450 enzymes. Flavins are involved in the production of light in bioluminescent bacteria, and are intimately connected with light-initiated reactions such as plant phototrapiam and nucleic acid repair processes. Recent reports also link them to programmed cell death. The chemical versatility of flavoproteins is clearly controlled by specific interactions with the proteins with vdhich they are bound. One of the main thrusts of current research is to try to define the nature of these interactions, and to understand in chemical terms the various steps involved in catalysis by flavoprotein enzymes.
the glittering ridges looked closer, until toward the horizon, as far as the eye could reach, they seemed to run together and melt into one continuous sea of light. '
What was described was, of course, the bioluminescence of marine bacteria originating from the enzyme luciferase, acting on reduced flavin and oxygen. I will deal later with the chemistry of reduced flavins and oxygen, but let us begin with a brief history of flavins and their chemical and physical properties.
Approximately 110 years ago an English chemist by the name of A. Wynter Blyth reported in the Transactions of the Chemical Society his work on the chemical composition of cow's milk [2] . One of the components that he isolated was a bright yellow pigment, which he called lactochrome, which was later shown to be the compound that we now know as riboflavin.
After Wynter Blyth's report, almost half a century passed before any significant new development occurred with his yellow pigment. Then, in the late 1920s and early 193Os, a tremendous flurry of research took place. Yellow pigments with bright greenish fluorescence were isolated from a wide variety of sources. Interest in them became intense when the yellow pigment was recognized to be a constituent of the vitamin B complex, and isolation of the vitamin was helped enormously by the realization that the potency of the vitamin was correlated with the green fluorescence. Some of the foremost chemists of the time, Richard Kuhn in Heidelberg and Paul Karrer in Zurich, engaged in what became a bitter race to determine the structure and prove it by chemical synthesis. They both succeeded almost concurrently [3, 4] , and the name riboflavin was given to replace the variety of previous names, such as lactoflavin and ovoflavin, which were merely descriptive of the source from which it had been isolated. The name, of course, derives from the ribityl side chain and the yellow colour of the conjugated ring system (Figure 1 ).
Quite concurrently with this chemical work, Otto Warburg in Berlin had been carrying out his pioneering work on the mechanism of biological respiration, the process by which small substrates derived from food are converted by living cells into usable energy, employing molecular oxygen as the final oxidant in a chain of reactions. In the process of these studies, Warburg isolated a yellow protein from yeast which was shown to catalyse the oxidation of another vitamin cofactor, now known as NADPH, using oxygen as the second substrate [S] .
Soon after its discovery, Hugo Theorell, a Swedish biochemist, found that if the enzyme was precipitated with ammonium sulphate at a pH around 2, the protein precipitate was white and the supernatant was yellow. Neither the colourless apoprotein nor the yellow flavin could catalyse the oxidation of NADPH ; however, when they were mixed together at the appropriate pH, activity was reconstituted. The yellow pigment isolated from the enzyme was in its spectral and fluorescence properties indistinguishable from riboflavin, yet riboflavin would not reconstitute enzyme activity. Theorell quickly found that the difference was due to the enzyme flavin having a phosphate residue in ester linkage at the terminal hydroxy group of the ribityl side chain [6]. This form is known as flavin mononucleotide, FMN.
Theorell's work was an important historical development, as it showed the biochemical basis for the necessity of riboflavin as a vitamin, i.e. as a cofactor in enzyme catalysis. In the intervening years it has of course been shown that most of the When I started working in the flavin field some 45 years ago, there were only a handful of flavoprotein enzymes known. Now they number in the hundreds, and new ones are reported every month. Mostly they contain non-covalently bound FAD or FMN, and are specific for binding either of the two flavin forms, whatever Nature initially provided them with. This is readily understandable from the more than 40 flavoprotein crystal structures now available, which reveal that the majority of the flavin-protein interactions are with the N-10 side chain, i.e. the ribityl side chain of F M N or FAD. Thus it is a general phenomenon that, provided one can remove the original flavin under conditions that avoid denaturing the protein, most flavoproteins will accept into their active sites chemically modified flavin ring structures, provided that the N-10 side chain is the appropriate one. A large number of chemically modified flavins are available, with different substituents at various positions all around the isoalloxazine ring system, as illustrated in Figure 2 .
The property of reconstitution with modified flavins has proved to be of enormous value in the study of flavoproteins, since those with chemically reactive substituents, such as sulphur-containing ones, or photoreactive ones, such as 6-and 8-azidoflavins, can be used as probes of the flavin environment at that particular position, i.e. to assess whether the particular position is accessible to solvent or buried in the protein [lo]. In this respect they serve as valuable reporters of protein or flavin dynamics, especially in conjunction with knowledge from more static crystal structures. Some of them, as I will illustrate later, are also good reporters of the overall charge of the active site. In addition, there is a beautiful correlation of the redox potential of the flavin and the electronwithdrawing or electron-donating properties of the substituents, making possible determination of mechanism through linear free energy correlations with activity, substrate dissociation constants and other kinetic and thermodynamic properties (see [l l-141 for recent examples).
Biological roles of flavins
Because of their chemical versatility, flavins are involved in a host of biological phenomena. They play a central role in aerobic metabolism through their ability to catalyse two-electron dehydrogenations of numerous substrates and to participate in one-electron transfers to various metal centres through their free radical states. In this capacity they frequently form parts of multiredox-centre enzymes, such as the succinate and NADH dehydrogenases, xanthine oxidasel dehydrogenase, cytochrome P450 systems and the more recently recognized nitric oxide synthase.
A 
Properties of flavins
Before we consider the chemistry of some of these flavin-linked processes, I want to spend a little time describing some of their fundamental properties. I have already mentioned their ability to participate in one-electron transfer reactions, which automatically implies the existence of semiquinone oxidation states.
In free solution, i.e. when not enzyme-bound, a mixture of oxidized and reduced Aavin very rapidly sets up an equilibrium in which a certain amount of flavin radical is formed (Scheme 1). With free flavins the equilibrium is very much to the left, so that at pH 7 only about 5 % radical is stabilized in an equimolar mixture of oxidized and reduced flavin. The semiquinone can exist in a 
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H'-+ H+ Figure 3 Spectra of glucose oxidase in the oxidized, semiquinone and fully reduced states (Figure 3 ).
With such large spectral differences between the various flavin oxidation states, it is clearly possible to monitor the events occurring in catalysis using the flavin itself as a reporter. All flavoprotein reactions involve two separate halfreactions, which can be monitored separately by rapid reaction techniques (Scheme 2).
The majority of flavoprotein-reducing substrates are dehydrogenated in a two-electron reduction step. The resulting reduced flavin is then re-oxidized by its oxidizing substrate, either in a two-electron step, as shown in Scheme 2, or in single one-electron steps, in which the flavin semiquinone would be observed as an intermediate. In some enzymes, molecular oxygen is the physiological substrate. Because of the general reactivity of reduced flavins with 0,, the reductive half-reaction is studied under anaerobic conditions by mixing enzyme from one syringe of a stopped-flow instrument with the substrate, AH,, from the other syringe. In this way, reaction intermediates can be detected and rate constants of individual steps determined. The same thing can be done for the oxidative half-reaction. In this case the enzyme is pre-reduced by a stoichiometric amount of substrate, or some chemical reductant E 20000 M-' * cm-'), and the 8s-thiolate anion form (Amax 520-530 nm; E 30000 M-lacm-'), with a pKa for the transition of 3.8 [32] . On binding to many flavoproteins (in place of the native flavin), the spectrum of the 8-mercaptoflavin is shifted dramatically (Amax 590-610 nm; E 30000 M-'*cm-') [33] . This form is due to the protein stabilizing a benzoquinoid resonance form, in which the negative charge is A dramatic demonstration of the utility of such flavin replacement studies comes from work with xanthine oxidoreductase. This enzyme has been known for many years to exist in two interconvertible forms [34] : xanthine dehydrogenase, which oxidizes xanthine at the expense of reduction of NAD+, and xanthine oxidase, which cannot use NAD+ as an electron acceptor, but instead employs molecular oxygen, forming both H202 and superoxide as products [35] . The dehydrogenase form is converted into the oxidase form by oxidation of specific cysteine residues to cystine residues, and the oxidase form can be reconverted into the dehydrogenase by incubation with thiols such as dithiothreitol [36, 37] . The redox potentials of the molybdopterin and ironsulphur centres of the two enzyme forms are similar, but the flavin potential is lowered substantially in the dehydrogenase form, due principally to stabilization by the protein of the neutral flavin semiquinone. On replacement of the native FAD by 8-mercapto-FAD, dramatic differences in the spectral properties of the flavin are found between the two forms. In the oxidase form the 8-mercapto-FAD is clearly stabilized as the benzoquinoid resonance form, while in the dehydrogenase the neutral 8-SH-flavin form is found. By pH titration, the pK, of the mercaptoflavin was found to be -5.5 in the oxidase form, only slightly perturbed from the free solution pKa of 3.8. However, in the dehydrogenase form, the pK, was increased to -9.0 [37]. Thus it was clear that, in the oxidase form, the electrostatic potential of the protein around the flavin must be positive, whereas in the dehydrogenase it is probably largely negative. This prediction has been very nicely confirmed by the recent determination of the crystal structures of the two enzyme forms [38] .
Catalytic versatility of flavoproteins
Flavoprotein enzymes catalyse a large variety of different types of reactions. Many attempts have been made to achieve a rational classification of the different types of flavoproteins, depending on the type of chemical reaction catalysed, the nature of the reducing and oxidizing substrates, the physicochemical properties of the enzymes and, more recently, their structural motifs as determined by X-ray crystallography. None of these attempts has been entirely satisfactory. Nevertheless, it is clear that enzymes catalysing similar chemical reactions tend to have common characteristics which are particular to that group. The field is too vast to try to give a comprehensive review here, so I will concentrate on describing some enzyme groups with which I have had experience and where common properties seem to exist. See [39] for a more comprehensive review. 
Flavoproteins catalysing oxidation of a-hydroxyacids and a-amino acids
These enzymes bring about dehydrogenation at the a-carbon atom of the substrate, yielding respectively the 2-0x0 (a-keto) acid or a-imino acid as primary product. The enzymes involved share many common characteristics, although there are also many differences, illustrating the difficulty of making a rational classification of flavoprotein enzymes. In addition to the similarity of the reactions catalysed, both groups have also been shown to catalyse the anaerobic elimination of chloride from /?-chloro a-amino acids or /?- Chloride elimination from /?-chloro a-amino acids or P-chloro hydroxyacids by a carbanion mechanism 11 +-
Scheme 5
Possible carbanion mechanism for the dehydrogenation of a-hydroxyacids X could serve as the active-site base required for a carbanion mechanism. Remarkably, all the other known a-hydroxyacid-oxidizing enzymes have the same conserved amino acid residues as those of flavocytochrome b, and glycolate oxidase, and rapid-reaction kinetic experiments are consistent with them all proceeding by similar mechanisms. The determination of the crystal structures of the D-aminO acid oxidases of pig kidney [46, 47] and the yeast, Rhodotorula gracilis [48] , has sparked a re-evaluation of the carbanion mechanism. Since these crystal structures show that there is no base present in the active site, with this enzyme at least, direct hydride transfer to the flavin is favoured and, by implication, the same mechanism also for the a-hydroxyacid oxidases [46, 48] . While this may indeed be true, it is as well to point out that, so far, there has been no satisfactory explanation for the chloride eliminations in terms of a hydride transfer mechanism. It should also be emphasized that the two groups of enzymes differ in many ways. The hydroxyacid enzymes all contain FMN as prosthetic group, while the amino acid oxidases have FAD. The FMN enzymes bind substrate on the flavin si-face, while the FAD enzymes interact with substrate on the opposite re-face [49] 
Flavoprotein disulphide reductases
This is an ever-growing family of enzymes which contain an active-site disulphide in addition to the FAD prosthetic group, and involve a pyridine nucleotide as one substrate and a disulphide or dithiol as the other substrate (or alternatively mercuric ion liganded with thiols in the case of mercuric reductase). They share many structural and mechanistic similarities, and a wealth of information is available (see [S2] for a comprehensive review). In some cases, such as lipoyl dehydrogenase, the reaction is freely reversible, and physiologically the enzyme functions as part of an 0x0 acid oxidase multienzyme complex to reoxidize protein-bound dihydrolipoic acid at the expense of reduction of NAD' to NADH. In the case of glutathione reductase the physiological reaction (and thermodynamic equilibrium) is the utilization of NADPH to reduce oxidized glutathione. Although differing in detail from one enzyme to another, the same basic mechanism appears to apply. The reductive half of the reaction is illustrated in Scheme 7.
In a typical reaction, the reduced pyridine nucleotide binds rapidly and positions itself over the re-face of the flavin, so that hydride transfer from the pro(S) position of NAD(P)H occurs efficiently. The reduced flavin reacts rapidly with the active-site disulphide to form the flavin C4a-cysteinyl adduct and a thiol from the other sulphur of the active-site disulphide. This species, like the reduced flavin, is rarely observed experimentally, except when trapped by alkylation of one of the thiols [53] or by removal of the second thiol by mutagenesis [54] . The next step is the elimination of thiol from the cysteinyl adduct, 
Flavoprotein mono-oxygenases
Here again we have a broad group of enzymes which share many properties and mechanistic features. T h e major common property is use of NADH or NADPH to reduce the enzyme flavin (always FAD) and the formation of a flavin C4a peroxide on reaction of the reduced enzyme with molecular oxygen ; this is the reactive oxygen species that is responsible for oxygenation of the substrate. T h e flavin peroxide in its protonated form is a potent electrophile and it is this form that is employed in the subgroup of aromatic hydroxylases, where a second hydroxy group is introduced into the aromatic substrate already containing one . T h e two subgroups each have distinctive common properties. In the aromatic hydroxylases there is an exquisite control mechanism to ensure that NAD(P)H is used only when substrate is present to be hydroxylated. A complex of oxidized enzyme and aromatic substrate is required for rapid reduction of the flavin by NAD(P)H ; differences of as much as 100 000-fold in rate constants have been observed in the absence and presence of substrate. T h e nucleophilic monooxygenases do not display this control mechanism, but have developed an alternative one whereby the C4a peroxide formed on reaction with 0, is somehow stabilized by the protein, to such an extent that it can be isolated by low-temperature chromatography in the case of bacterial luciferase
[59], and is reactive only in the presence of the substrate for oxygen transfer. This feature is distinct from the situation with the aromatic hydroxylases, where the hydroperoxide is very 29 I unstable in the absence of the substrate to be hydroxylated.
T h e reaction mechanism of p-hydroxybenzoate hydroxylase has been investigated in great detail, and is summarized in Scheme 8. T h e basic mechanism shown appears to be followed by all members of this class [60]. These enzymes are delightful ones to work with experimentally, since practically every species in the catalytic cycle can be distinguished on the basis of characteristic absorbance and fluorescence properties, permitting in the case of p-hydroxybenzoate hydroxylase the estimation of the values of each of the rate constants shown in Scheme 8. Thus the step k, results in a long-wavelength-absorbing chargetransfer complex with NADPH as donor and oxidized flavin as acceptor. T h e step k, involves reduction of the flavin and is accompanied by large changes in absorbance and fluorescence, and results in another distinctive long-wavelength charge-transfer complex, in which reduced flavin is the donor and NADP+ the acceptor. T h e decay of this characteristic absorbance permits the determination of k,, the release of NADP+ to yield the reduced enzyme substrate complex. It is this species that reacts with 0, to give intermediate (I), a complex of substrate and the flavin C4a-hydroperoxide, which has a distinctive spectrum with a wavelength maximum at 380 nm, and is formed with an observed pseudo-first-order rate constant directly proportional to the oxygen concentration, yielding the value of k,. It is from intermediate (I) that the oxygen transfer reaction to substrate occurs, yielding intermediate (11), a complex of enzyme 4a-hydroxyflavin and the non-aromatic dienone form of the product. With some substrates, such as 2,4-dihydroxybenzoate and paminobenzoate, this species is sufficiently longlived to permit characterization of its absorbance properties and determination of the rate constant k,. With these substrates the re-aromatization to give the hydroxylated product is sufficiently slow to determine the value of k,. With p-hydroxybenzoate as substrate the non-aromatic intermediate is not observed, presumably because it rearomatizes faster than it is formed. In this case only the rate constant of the hydroxylation step, k,, can be determined. T h e final intermediate (111), a complex involving the C4a-hydroxyflavin and product, then undergoes dehydration to give the oxidized flavin enzyme, ready for the next cycle of catalysis.
An important finding from structural studies of p-hydroxybenzoate hydroxylase is that the flavin exists in two different conformations : one in which the flavin is mostly buried within the protein, and positioned ideally for hydroxylation of the substrate, and the other in which the flavin ring system is swung out by 30-40" towards a solvent-exposed position where it could not hydroxylate the substrate [61,62]. This inherent mobility of the flavin has been confirmed in solution studies by replacement of the native flavin by the photoreactive 6-azido-FAD [63], and appears to be an important component of catalysis, the movement of the flavin to the 'out ' position being required for reduction by NADPH and movement back to the 'in' position being required for the hydroxylation reaction [64] . The possibility of this being a general phenomenon is raised by the recent report that the flavin of the related phenol hydroxylase, the reaction mechanism of which is very similar to that of p-hydroxybenzoate hydroxylase [65], is also found crystallographically in two similar buried and exposed conformations.
Reductases, dehydrogenases and electron transferases
This is a somewhat unsatisfactory categorization, since many enzymes that function in one-electron transfers also dehydrogenate an organic substrate, and similarly ones that reduce olefinic bonds also involve dehydrogenation of the primary reducing substrate, which in both cases is frequently a reduced pyridine nucleotide. There are many different enzymes in this broad grouping; I will limit discussion to a few individual cases.
Acyl-CoA dehydrogenases These are widely occurring enzymes involved in the oxidation of fatty acids, which oxidize acylCoA thioesters to the corresponding enoyl-CoA esters. The reduced flavoprotein so formed is reoxidized by successive one-electron transfers to another flavoprotein, the electron-transfer Aavoprotein (ETF), which in mammals is in turn re- [75] . The wave number maximum of the long-wavelength band formed with different p-substituted phenols is correlated well with the Hammett 6p substituent of the phenol [76] , and with the one-electron redox potential of the enzyme-bound flavin when the native F M N was replaced with a series of artificial Aavins [77] . These correlations were historically very important in establishing the existence of charge-transfer complexes in flavoproteins. The crystal structure of the enzyme with bound phenol clearly shows the parallel stacking of phenol and flavin required for the observed charge-transfer interaction. The ligand-binding site is largely hydrophobic, but His-191 and Asn-194 form hydrogen bonds with the phenolic oxygen and thus contribute to the lowering of the phenolic pK, and its binding in the phenolate anion form.
A breakthrough in determination of the function of Old Yellow Enzyme came from the finding that it catalysed efficiently an NADPHcyclohexenone reductase activity, in which the olefinic linkage, not the carbonyl function, was reduced [74] . It quickly became evident that the enzyme was capable of reduction of a large number of a,/?-unsaturated aldehydes and ketones, and additionally that it could catalyse dismutation reactions, such as that with cyclohexenone, where the product of anaerobic incubation of the enzyme with cyclohexenone was an equimolar mixture of cyclohexanone and phenol [78] (Scheme 11). The ability of the enzyme to be reduced by a saturated aldehyde or ketone is clearly dependent on the redox potential of the bound flavin, as shown in studies where the native flavin was replaced with the high-potential 8-cyano-FMN, which effectively converts the enzyme from an NADPHenone reductase into an oxygen-dependent desaturase [79] . The above reactions have been found to be highly stereospecific. The reduction of unsaturated carbonyl compounds, such as cinnamaldehyde, was shown to involve a trans-addition across the double bond, with the P-hydrogen being derived from the pro-R-hydrogen of NADPH [via solvent-protected flavin N-( S)], and the a-hydrogen being derived from solvent [78] . This stereospecificity is conserved in the oxidation of saturated aldehydes and ketones by 8-CN-FMN-OYE The crystal structure suggested a possible candidate as a carrier for the hydrogen that is placed at the a-carbon atom of the saturated product, i.e. Tyr-196, which is ideally located to serve as a solvent-exchangeable acid for protonation of the a-carbon. This was confirmed by changing this residue to phenyalanine, whereby the reactivity of the mutant enzyme with cyclohexenone was decreased by a factor of 5 x lo5, and that with cinnamaldehyde by a factor of 1.1 x lo3 [80] . Modelling of cyclohexenone into the active site of OYE, with the carbonyl oxygen hydrogenbonded to His-191 and Asn-194 in the same way as with phenolates, places the /?-carbon in an ideal position to receive a hydride from the flavin N-5, and the a-carbon in the correct position to receive a proton from Tyr-196 in a trans-addition reaction across the olefinic bond [80] .
The role of Tyr-196 as proton donor to the acarbon has also been demonstrated in a striking fashion in the NADPH-dependent reduction of 1791. While the physiological substrate (or substrates) of OYE has not yet been identified, it seems very likely that it is an a$-unsaturated compound. Since the cloning of the OYE1 gene from brewer's bottom yeast and of the 0 YE2 and 0 YE3 genes from S . cerevisiae [74, 82] , a number of related enzymes have been identified from plant and bacterial species. One of these, from Pseudomonas putida, functions as a morphinone reductase [83] , and ones from plant sources as a 12-oxophytodienoic acid reductase [84, 85] . Both of these reactions involve NAD(P)H-linked reduction of a,&unsaturated carbonyl compounds.
All members of the family contain FMN as the prosthetic group, and all catalyse the reduction of cyclohexenone.
